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single-walled carbon nanotubes in polar solventst
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Micellar surfactants with amphiphilic chemical structures are mostly used to disperse single-walled carbon
nanotubes (SWCNTSs) in water. However, there is little systematic knowledge regarding the use of low-
molecular-weight nonmicellar adsorbates as efficient surfactants for colloidal SWCNT dispersions, which
limits the number of available solvents. In this article, we present an empirical rule for adsorbate-based
dispersants required for SWCNT dispersion in polar organic solvents and water. First, we demonstrate that
SWCNTs can be dispersed in aqueous media with the aid of the non-aqueous stilbene backbone
compound amsonic acid. The impact of nonmicellar physical adsorption on dispersion was systematically
examined using low-molecular-weight compounds, including Fluorescent Brighteners 28 and 220. This
discovery has increased the availability of solvents such as water, polar organic solvents such as alcohols,
and surfactants such as widely used organic dyes. The results of our study indicate that effective
nonmicellar dispersants should include acid-base-carrying structures. The present findings have elucidated
the colloidal chemistry of nanocarbon materials with significant potential for application as low-molecular-
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Introduction

The colloidal dispersion of single-walled carbon nanotubes
(SWCNTs) in a solvent is an important step for fabricating
their various forms (e.g. composites and semitransparent thin
films)," ™ as well as separating them in terms of electronic
types, such as semiconducting and metallic forms.*®
SWCNTs are widely recognised as promising mechanical,
electronic, and thermal substances, but are also known to be
insoluble in most solvents without surfactants, making it
difficult to fabricate SWCNT-impregnated materials in
solution. Colloidal dispersion has been achieved through the
chemical and physical functionalization of SWCNTSs.
Chemical grafting enables the dispersion of SWCNTs in
arbitrary solvents, ranging from water to hydrophobic
media.””® In most cases, this approach degrades the intrinsic
properties of SWCNTs, including their electronic transport
and photochemical response. Precise chemical
functionalization is a contemporary issue for elucidating
strong localised (trapped) photoluminescence and its use in
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weight adsorbate-enhanced multifunctional inks.

emerging quantum bit spinning as a quantum information
technology.” ™ To extract the intrinsic properties of SWCNTs
for most uses, damage (defects) derived from chemical
processing should be minimised.

Physical molecular adsorption was investigated for the
colloidal dispersion of SWCNTs, which allowed the
separation of semiconducting and metallic SWCNTs as well
as the fabrication of thin-film electronics. In the early stages,
micellar surfactants such as sodium dodecyl sulfate, sodium
dodecylbenzenesulfonate (SDBS), and sodium deoxycholate
(SDOC) were reported to efficiently isolate and stabilise
SWCNTs in water (Fig. 1a),"*® leading to the development of
aqueous inks with long shelf times. In addition to aqueous
micellar dispersion, dispersion based on molecular
adsorption is achieved wusing 1) DNA and protein
wrapping,'®?® and 2) approaches using planar organic
compounds as surfactants. Micelle formation is, in
principle, limited to water. Therefore, an understanding of
molecular adsorption-assisted dispersion is required for
processing SWCNTSs in various organic solvents. Conjugated
polymers with long alkyl side chains are known to disperse
SWCNTs in low-polarity solvents such as toluene.>** The
strong affinity derived from n-n interactions between the
tubular SWCNT surface and the planar backbones of
conjugated polymers is believed to overcome the self-
aggregation force of SWCNTs. Cellulosic polymers and some
types of vinyl polymers have also been reported to aid in the
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Fig. 1 Surfactant structures. (a) Typical micelle-type surfactants. (b) Non-micellar surfactants. Abbreviations: CNT, carbon nanotube; SDBS, sodium

dodecylbenzenesulfonate; SDOC, sodium deoxycholate.

colloidal dispersion of SWCNTs in arbitrary organic
solvents.**®® A recent study based on artificial intelligence-
assisted feature extraction suggested that weak interactions
such as hydrogen bonding could be a key factor in the design
of efficient surfactants.*®

Compared to polymer surfactants, there are few studies on
surfactants derived from low-molecular-weight molecules for
efficient SWCNT dispersion,**2%*73% except for those on
well-known micellar solutions. Owing to the limitations of
such reports, the general design of efficient surfactants
remains unexplored. Herein, we report empirical guidelines
for dispersants required for SWCNT dispersion in water and
polar organic solvents. First, we demonstrate that a non-
aqueous stilbene backbone compound, amsonic acid
(Fig. 1b), can aid in the aqueous dispersion of SWCNTs
without yielding significant precipitates after high-speed
centrifugation. This suggests that the physical adsorption of
small compounds without micelle formation can alter the
dispersibility of SWCNTs. Based on this chemical backbone,
Fluorescent Brightener 220 (FB220) and Fluorescent
Brightener 28 (FB28) were then used to investigate the
mechanistic effect of nonmicelle physical adsorption on
dispersion. The findings from this study could expand the
scope of available surfactants to include various organic dyes
and solvents ranging from water to polar organic solvents,
such as alcohols. Based on preliminary controlled
experiments, we propose that strategies for nonmicellar and
efficient dispersion include acid-base carrying structures.

Results and discussion

We demonstrated that SWCNTs can form colloidal
dispersions in the presence of several dispersants, including

© 2024 The Author(s). Published by the Royal Society of Chemistry

amsonic acid, FB28, and FB220 (Fig. 2). In contrast to
conventional amphiphilic surfactants such as SDOC, several
adsorbates help SWCNTs disperse not only in water, but also
in ethanol. As micelle formation aided by hydrophobic
interactions requires an aqueous medium, the alcohol
dispersion observed here could be driven by distinct
mechanisms.

In this study, we found that stilbene derivatives, including
amsonic acid, were beneficial for the colloidal dispersion of
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Fig. 2 Aqueous dispersion of SWCNTs using amsonic acid, FB28, and
FB220. (a) Absorption spectrum of SWCNTSs in water in the presence of
0.1 wt% amsonic acid. Due to the optical window of solvents, the
absorption spectrum is shown below 1800 nm. Scanning tunnelling
electron microscopy (STEM) images of SWCNTSs dispersed (b) with and
(c) without 0.1 wt% amsonic acid aqueous solution.
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SWCNTs in water (Fig. 2a). The mean diameter of SWCNTs
(OCSiAl Tuball) is assumed to be 1.6 nm, and the
semiconducting SWCNTs therein possess the first and
second optical transition energies of approximately 0.6 eV
and 1.1 eV, corresponding approximately to the wavelengths
of 2060 nm and 1145 nm, respectively.>® In the absorption
spectra for amsonic acid-assisted SWOCNT dispersion
(Fig. 2a), the first optical transition at approximately 2060 nm
was breached, presumably due to the chemical doping of
SWCNTs by the adsorbates.*” Observed peaks in the near-
infrared region were consistent with the second optical
transition of semiconducting SWCNTs (approximately 1145
nm) and the first transition of metallic SWCNTs
(approximately 760 nm) of 1.6 nm in diameter. Therefore,
adsorbates such as amsonic acid can serve as surfactants,
leading to the colloidal stability of SWCNTs in water. High-
resolution scanning tunnelling electron microscopy (STEM)
revealed that the SWCNTs were well-exfoliated after amsonic-
acid-assisted dispersion (Fig. 2b), whereas the highly bundled
SWCNTs were observed after dispersion without amsonic
acid (Fig. 2c). Notably, amsonic acid is insoluble in water,
whereas a stable SWCNT dispersion can form in its presence.
Additionally, other adsorbates in this study (e.g. FB28 and
FB220) were not soluble, but were dispersed as nanoparticles
in water (Fig. S1f). Correspondingly, optical microscopy
detected little amounts of SWCNTs in the dispersion with
FB220, due to detection resolution (Fig. S27). This result
strongly suggests that the roles of stilbene-based adsorbates,
such as amsonic acid, in SWCNT dispersion are distinct from
those in micelle-assisted dispersion.

We then examined the dispersibility of the SWCNTs with
various surfactants, while keeping the amount of feed
constant at 0.25 mg mL™". To confirm the reliability of our
experiments, we compared the new adsorbates based on
organic dyes (FB28 and chrysophenine) with conventional
micellar surfactants, such as SDBS and SDOC (Fig. 3).
Refractive index measurements demonstrated that unlike
micellar compounds such as SDBS and SDOC, FB28 exhibited
no phase transition between 0.001 and 0.5 mg mL™" (Fig.
S3t). The absorption results indicated that all chemicals
aided in the dispersion of the SWCNTSs in aqueous solution.
Significantly, we confirmed very low thresholds in the
concentration (approximately 0.01 mg mL™") for the
dispersion with adsorbate-type surfactants, compared to
micelle-type surfactants. The apparent thresholds for FB28
and chrysophenine were almost ten times lower than that of
SDBS and slightly lower than that of SDOC, which is the best
surfactant for large-diameter SWCNTs. A thin SWCNT
dispersion was also obtained with FB28, even below the
apparent dispersion threshold of 0.01 mg mL™, unlike the
conventional micellar surfactants. This difference also
suggests that the adsorbate-type dispersion is associated with
a different dispersion mechanism from that of the micelle-
assisted method.

When investigating adsorbate-assisted dispersion, we
noticed that dispersant compounds possess common
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Fig. 3 Comparative studies on micellar and nonmicellar surfactant-
assisted dispersion. Absorption spectra of SWCNT dispersion in the
presence of (a) SDBS, (b) SDOC, (c) FB28, and (d) chrysophenine.
Optical length (quartz cuvette size) was 0.2 mm. (e) Chemical structure
of chrysophenine. (f) Plots of absorbance at 760 nm as a function of
surfactant concentration.

features: first, they are planar, based on large aromatic
backbones, or with the aid of classical hydrogen bonding
inside the compounds. Second, their structures contain
both acidic and basic functional groups, although the
reason for this is not clear at present. Most dispersants
were planar due to a large aromatic backbone or
intramolecular hydrogen bonding. We tentatively assume
that the aromatic backbone interacts with the SWCNT outer
surface by m-n stacking, while acidic and basic functional
groups interact very well with water molecules and hydroxyl
groups of alcohol by hydration reaction, H-bonding, etc.
Based on these characteristics, we found that a wide range
of organic dyes can be used as surfactants for the colloidal
dispersion of SWCNTs in water, even in polar organic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 S,, absorbance (1000 nm) of SWCNT dispersions with the aid of various organic dyes in water (WT), N-methyl-pyrrolidone (NMP), and

several alcohol solvents (ethylene glycol (EG), methanol (MeOH), ethanol

(EtOH), and isopropyl alcohol (IPA)). The input amount of SWCNTs and

the surfactant concentration were 0.25 mg mL™ and 1.0 w/v%, respectively. The optical length was set to 2 mm. There are few SWCNT precipitates
after centrifugation when the absorbance is above 1.8, indicating quantitative dispersion under the present condition (0.25 mg mL™). Chemical

structures used here are listed in the ESIT Fig. S4.

solvents (Fig. 4). Suitable chemical structures of organic
dyes range from azobenzene and stilbene derivatives to
phthalocyanines with acid and base functional groups (e.g.

sulfonate for acids and amino, azo, and triazine groups for
bases). Some formed stable colloidal SWCNT dispersions in
ethylene glycol, methanol, ethanol, and isopropyl alcohol.
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Fig. 5 Functionalization-based surfactant selection. (a) Absorption spectra of SWCNT dispersions in the presence of five different dyes. (b)

Chemical structures of dyes used in the dispersion experiments.
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Such alcohol dispersions are important for many composite
applications. The mixtures of SWCNTs and organic dyes
mostly lost their dispersibility in N-methylpyrrolidone,
except for the mixture containing Reactive Blue 12,
suggesting that the strong adsorption of organic dyes onto
the SWCNTs could completely alter the dispersibility of
their derived composites.

We further examined the effects of the acid and base
strengths on the dispersibility of the adsorbate-based
surfactants. Under the present dispersion conditions (i.e.
0.25 mg mL™ SWCNTs, 0.25 w/v% surfactants, 11 W
sonication power, 10 min, ice bath) and centrifugation
conditions (13190g, 10 min), we found that a very dilute
aqueous dispersion can be obtained with the aid of Acid Red
1 (red line and compound in Fig. 5). The dispersibility was
found to decrease for the dispersion with the acid compound
Acid Red 27 (black line and compound in Fig. 5), in which
the sulfonate group was introduced to Acid Red 1. In
contrast, using more basic compounds, such as Acid Black 1
and Reactive Black 5 (navy and blue lines and compounds in
Fig. 5), led to a better dispersion. Furthermore, the planar
compound Reactive Red 2 (called Procion Red MX-5B) with
an Acid Red 1 backbone and a very strong base triazine group
formed the best dispersion with few precipitates after
centrifugation (brown line and compound in Fig. 5). As such,
the results of the preliminary control experiments support
the importance of the adsorbate acid-base balance when
preparing colloidal SWCNT dispersions.

Conclusions

We prepared colloidally stable dispersions of SWCNTs in
water and polar organic solvents such as alcohol with the aid
of organic adsorbates. Strong adsorbates based on organic
dyes altered the dispersibility of SWCNTs in a manner
different from well-studied micelle-assisted dispersions.
Efficient surfactants based on organic dye adsorbates are
likely to possess both acidic and basic functional groups, as
well as mostly planar backbone structures. Both features are
associated with hydrogen bonding, although it is unclear
whether hydrogen bonding is necessary. The present findings
concerning structural requirements are expected to increase
the number of known suitable surfactants in water and
organic solvents. Future studies may focus on lowering the
polarity of dispersion solvents to the levels of ester, ether,
and other low-polarity chemicals. We believe that our
findings will lay the groundwork for the development of
functional inks and composites carrying well-dispersed
nanocarbon materials at high weight fractions.

Experimental

All chemicals were used as received. The suppliers are
listed in the ESLi The SWCNT inks (OCSiAl Tuball, Batch
No. 01RWO02.N1.208) were prepared using a probe
sonication system (QSonica Q125, 11 W (tuned)). Typically,
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5 mg of SWCNTs was charged in an aqueous solution of
0.25 w/v% organic dyes and then sonicated for 10 min in
an ice bath. Some organic dyes are insoluble and are
subjected to sonication with SWCNTs. After centrifugation
(Kubota 5500) for ten minutes at 23 °C and 13190g, the
upper 75% of the supernatant was collected by gentle
pipetting to avoid disturbances.

The absorption spectra were recorded using a UV-vis-NIR
spectrophotometer with Si, InGaAs, and PbS photodetectors
(Shimadzu UV3600Plus). Cuvettes (2 mm) were used for the
liquid-form absorbance measurements. The morphology was
observed using STEM in secondary electron detection mode
(200 kv, Hitachi HD2700). The presence of micelles was
determined using a refractometer (Anton Parr Abbemat
Performance 300). The particle diameter distribution was
estimated using dynamic light scattering (Otsuka Electronics
ELSZ-1000ZS).
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